ABSTRACT The action of adenine nucleotides on vascular endothelial cells is apparently mediated by the local flow conditions. Because nucleotides are sequentially degraded from ATP -ADP -AMP --adenosine by ecto-enzymes at the endothelial surface, it has been hypothesized that the observed flow effect is caused by the flow-dependent change of nucleotide concentration at the cell surface. In this study, we have calculated the concentration profiles of adenine nucleotides at the cell surface under flow conditions encountered in an in vitro parallel-plate flow system, as has been used in several related experimental studies. When medium containing uniformly distributed ATP is perfused over endothelial monolayers, our results show that ATP concentration in the cell vicinity gradually decreases in the streamwise direction as a result of enzymatic degradation. This hydrolysis of ATP results in the generation of ADP, and ADP concentration in turn gradually increases at the cell surface. The concentration profiles of nucleotides are dependent on the levels of applied wall shear rate. As the corresponding shear stress increases from 0.1 to 30 dynes/cm 2 , ATP concentration at the cell surface at the center of coverslip increases from 0.66 to 0.93. Under no-flow conditions, our model predicts a steady decline of ATP concentration and a transient increase of ATP-derived ADP, comparable to the published results of previous experiments. These numerical results, combined with our recent experimental data, provide insights into the cellular mechanisms by which hemodynamic flow modulates the effects of vasoactive agents on endothelium.
INTRODUCTION
Extracellular adenine nucleotides are important modulators of vascular tone and platelet functions. Nucleotides ATP and ADP can cause vasodilation, by acting at P2-purinoceptors in endothelial cells to induce release of endothelium-derived relaxing factor (EDRF) which relaxes subjacent smooth muscle cells (Burnstock and Kennedy, 1985; Furchgott, 1984) . Recent work has shown that these effects of ATP and ADP on endothelial cells are mediated by the hydrolysis of phosphatidylinositol 4,5-bisphosphate and increase in cytosolic free Ca 2+ ([Ca 2 + ] i) (Pirotton et al., 1987) . In vivo, adenine nucleotides may be presented in blood as a result of secretion from activated platelets, or leakage from damaged cells within the vessel wall (Gordon, 1986) . To regulate the extent and time course of nucleotide action, endothelial cells possess three separate ectonucleotidases at the luminar surface which sequentially hydrolyze ATP -ADP --AMP --adenosine. (Pearson et al., 1980 ; Olsson and Pearson, 1990) . Vascular endothelial cells in vivo are constantly exposed to blood flow. Previous experiments have demonstrated that hemodynamic shear stress has a profound influence on endothelial structure and functions. In vitro, fluid shear stress stimulates rapid production of prostacyclin (PGI 2 ) (Grabowski et al., 1985; Frangos et al., 1985) , release of EDRF (Rubanyi et al., 1986 ), a transient increase in cytosolic free calcium concentration ([Ca2+]i) (Shen et al., 1992) , and alteration of gene expression (Diamond et al., 1989) . Chronic exposure to shear stress results in a change of endothelial cell shape and a rearrangement of cytoskeletal structure (Dewey et al., 1981; Franke et al., 1984; Levesque and Nerem, 1985) . Moreover, shear stress appears to enhance the receptor-mediated binding, internalization, and degradation of low-density lipoprotein by endothelial cells (Sprague et al., 1987) . Recently, several groups including ourselves have reported that the action of adenine nucleotide ATP and ADP on endothelial cells can be modulated significantly by fluid flow conditions around endothelial monolayers (Dull and Davies, 1991; Mo et al., 1991; Shen et al., 1992) . In our experiments, we have monitored the intracellular Ca2+ responses in fura-2-loaded endothelial cells during perfusion with ATP or ADP under defined flow conditions using a parallel-plate flow chamber, and observed that the endothelial [Ca2+ ]i responses to ATP (or ADP) are dramatically enhanced with increasing applied shear rate. Because the degradation of nucleotides by endothelium could result in a shear-dependent change of nucleotide concentration at the cell surface, it has been suggested that flow modulation of endothelial response to nucleotides may be caused in part by the concentration effect.
The purpose of this study is to examine the influence of fluid flow in regulating nucleotide concentration in the vicinity of endothelial monolayers. We have developed a mathematical model for the transport of nucleotides to endothelium under flow conditions encountered in an in vitro parallel-plate system, as has been used in numerous related experimental studies. The calculated results indicate that the nucleotide concentration at the y x=0
Endothelial Monolayer x=L FIGURE I Geometry of the parallel-plate chamber with height of 0.025 cm and width of 0.5 cm. The endothelial monolayer is located on the surface of the bottom plate. Adenine nucleotides are perfused through the channel and catabolized at the endothelial surface by ectoenzymes. All of the numerical solutions presented in this paper are based on this geometry. must balance its degradation by endothelial cells. Assuming the kinetic characteristics of endothelial ectonucleotidases follow an irreversible Michaelis-Menten expression (Southerland) , the boundary condition can be writ- 
FORMULATION AND SOLUTIONS
We consider transport of adenine nucleotides to endothelial monolayers in a parallel-plate flow chamber ( Fig. 1 ) , which represents the geometry of a typical experimental apparatus used in numerous studies (Shen et al., 1992 ; Grabowski et al., 1985) . Because the width of the channel (w = 5 mm) is much larger than the height (h = 0.25 mm), the problem can be simplified as two-dimensional. In the region of interest, the flow is fully-developed and laminar with a simple parabolic velocity profile (1) where is the mean velocity.
When medium originally containing uniformly-distributed nucleotide substrate is perfused through the channel and encounters endothelial cells at x = 0, nucleotide is hydrolyzed by ectonucleotidases at the surface of endothelium and its concentration gradually decreases. The governing mass transport equation describing the above problem can be written as (for a large Peclet number, Pe > 500) 0c ac 2c( a- (2) where c is the concentration of nucleotide and D is the diffusion coefficient of nucleotide in the perfusion medium (Probstein, 1989 
where cT and DT are the concentration and diffusion coefficient for ATP, respectively; and CD and DD are those for ADP; DaD is the Damkohler number for ecto-ADPase. The first term on the right-hand side of Eq. 6 represents generation of ADP, which is equal to the amount of ATP hydrolysis, and the second term represents degradation of ADP by ecto-ADPase. 
RESULTS
The longitudinal delivery by flow and hydrolysis of nucleotide substrate ATP by endothelial ecto-ATPase at endothelial cell surface results in the streamwise development of a diffusion boundary layer with reduced ATP concentration in the vicinity of the cell monolayer. As the boundary layer grows with the streamwise distance, the nucleotide concentration at the cell surface gradually decreases. addition, we see that most of the hydrolyzed ATP remains as ADP in the channel and the total amount of ATP and ADP varies with shear stress in a similar fashion as ATP. conditions (corresponding shear stress: 0.1, 1.0, and 10 We have next numerically simulated the time-course dynes/cm 2 ). At a shear stress of 0.1 dynes/cm 2 , ATP of ATP catabolism under no-flow conditions (in static concentration drops from 1.0 to 0.59 across the full medium). Both the bulk phase and cell surface concenlength of the monolayer (2.5 cm). As the shear stress tration of ATP and ATP-derived ADP is plotted as a increases, the longitudinal delivery of ATP overcomes function of time (Fig. 6) . The bulk ATP concentration the hydrolysis of ATP by endothelial cells and the consteadily declined with time, with a half-life of -4 min. centration decrease becomes less significant (Fig. 2 A) .
The ATP concentration at the cell surface is lower than Fig. 2 B shows the ATP concentration profiles above the the bulk concentration over the entire time-course. The the bulk concentration over the entire time-course. The center of the monolayer (x = 1.25 cm) as a function of the perpendicular distance (y*). As expected, the concentration gradually decreases as the cell surface is approached.
The hydrolysis of original substrate ATP results in generation and accumulation of ADP. ADP is nearly as effective as ATP in stimulating release of EDRF and increase in [Ca2+]i in most endothelial cells (Pirotton et al., 1987) . Therefore, we have estimated the concentration profiles of ATP-derived ADP by solving Eq. 2 in conjunction with the boundary condition (Eq. 6). The concentration profiles of ATP-derived ADP, along with ATP and total addition of ATP and ADP at the cell surface, as a function of x* for three given shear rates, are shown in Fig. 3 . As is clear from the figure, most hydrolyzed ATP remains as ADP in the channel over the shear stress range examined. The major pathway of nucleotide catabolism has been previously shown to be sequential hydrolysis from .o ATP -ADP -AMP -adenosine by three separate Shear stress (dynes/cn uct of ATP hydrolysis remaining in the channel over the shear stress range examined, and the total concentration of ATP and ADP only changes slightly (6%) as the shear stress increases from 0.1-30 dynes/cm 2 . The results presented in this paper are the steady-state nucleotide concentration profiles. After the initial application of shear stress, the characteristic time to reach the steady-state profile is primarily determined by the diffusion process and can be estimated using the following formula: 62 D where 6 is the boundary layer thickness, and D is the diffusion coefficient of ATP. On the basis of Fig. 2 B, the   boundary layer thickness is approximately 0.1-0 (Gordon, 1986; Olsson and Pearson, 1990) . Earlier studies have
shown that ATP stimulates the release of EDRF and PGI 2 from endothelial cells which, in turn, can induce vasodilation (Burnstock and Kennedy, 1985) . On the basis of our observations, the ability of ATP to promote EDRF and PGI 2 release is likely to be influenced and enhanced by local hemodynamic flow. This effect may be particularly important at low concentrations of ATP relevant to physiological conditions in vivo, and could be involved in the flow-induced regulation of vascular tone.
Although the computational results presented in this paper are limited to the flow conditions encountered with exogenous ATP in an in vitro apparatus, the analysis can be extended to in vivo conditions if one takes into account the possibility of alternative sources (local versus systemic) for the ATP.
To conclude, we have calculated the concentration profiles of adenine nucleotides and estimated the effects of viscous shear flow in regulating the concentration at the endothelium-fluid interface. On the basis of enzymatic characteristics of endothelium reported previously (Cusack et al., 1983 ), our results demonstrate that nucleotide ATP and ADP concentration in the vicinity of endothelial monolayer is not significantly different from bulk concentration and only changes slightly with increasing shear stress. Even at assumed large Damkohler numbers (corresponding to increasing ectonucleotidase efficiency), nucleotide concentration does not vary significantly with shear stress. Together with other experiment results, it appears that the transport model cannot fully account for the observed flow modulation of endothelial responses to nucleotides, although it may partially contribute to this phenomenon.
